Introduction 20
The traditional Mediterranean diet is likely to be the ideal dietary pattern for the prevention of 21 digestive tract cancers and cardiovascular diseases (Barak & Fridman, 2017) . The health benefits of 22 the Mediterranean diet have been associated with the high intake of vegetable foods rich in 23 phytochemicals such as fruits, vegetables, cereals, legumes, nuts and seeds, the moderate 24 consumption of fermented dairy products, fish, poultry and wine and the low intake of meats (Bach-25 Faig et al., 2011) . In addition, also the typical cooking procedures are especially effective in 26 guaranteeing the highest nutritional value in terms of phytochemicals bioavailability and 27 preservation of the raw materials (Pellegrini & Fogliano, 2017) . Olive oil and especially extra-28 virgin olive oil (EVOO) represented the typical fat of Mediterranean cuisine and showed unique 29 healthy features (Covas, 2007) . Extra-virgin olive oil, produced by mechanically pressing ripe 30 olives, contains several bioactive and antioxidant components such as polyphenols, phytosterols and 31 vitamin E as well as monounsaturated fatty acids (Covas, 2007) . Two recent studies published in 32 the PREDIMED project showed that a Mediterranean diet supplemented with extra-virgin olive oil 33 reduced the incidence of major cardiovascular events and cardiovascular mortality in a 34
Mediterranean population at high cardiovascular risk respect to a low-fat Mediterranean diet 35 (Estruch et al., 2013; Guasch-Ferré et al. 2014) . Indeed, a randomized, crossover, controlled 36 trial suggested that daily consumption of high-and medium-polyphenol olive oil decreased 37 oxidative damage on lipids and reduced lipid cardiovascular risk factors respect to the consumption 38 of low-polyphenol olive oil (Covas et al., 2006) . 39
The typical Western diet, instead, is characterized by high intake of fried foods, salty snacks, high-40 fat dairy products, eggs and meat and low intake of plant-based foods. Although the results are still 41 controversial (Li et al., 2015) , some studies have associated the Western dietary pattern with higher 42 risk of colorectal tumours and cardiovascular diseases (Kesse, Clavel-Chapelon, & Boutron-Ruault, 43 2006) . In this context, a high intake of meat (especially red meat and processed meat) has been 44 associated with an increased risk of cancers, principally colorectal cancer, and cardiovascular 45 overnight. Frozen meat was then homogenized in a laboratory blender and divided in portions of 5 126 g. Grilled and homogenized turkey meat was in vitro digested following the protocol previously 127 developed within the COST Action INFOGEST (Minekus et al., 2014) . Simulated salivary, gastric, 128 pancreatic and bile fluids were prepared according to Minekus et al. (2014) . To simulate the oral 129 phase, 5 g of homogenized grilled turkey breast meat were mixed with 5 mL of simulated salivary 130 fluid containing 150 U/mL of porcine α-amylase and incubated for 5 min at 37°C in a rotating 131 wheel (10 rpm). The gastric phase was carried out by adding 10 mL of simulated gastric fluid to the 132 bolus. The pH was adjusted to 2.0 with HCl 6 mol/L and supplemented with porcine pepsin (2000 133 U/mL of simulated gastric fluid). The gastric bolus was then incubated for 120 min at 37°C in a 134 rotating wheel (10 rpm). The intestinal digestion was carried out by adding 10 mL of pancreatic 135 fluid and 5 mL of bile fluid to the gastric bolus, adjusting the pH to 7.0 and supplemented with 136 pancreatin. The chyme was further incubated for 120 min at 37°C in a rotating wheel (10 rpm). For 137 each digestion, aliquots were taken after 0 and 5 minutes of salivary digestion, after 30, 60, 90 and 138 120 minutes of gastric digestion and after 30, 60, 90 and 120 minutes of intestinal digestion. The 139 digested samples were immediately cooled on ice and frozen at -80°C for further analysis. The 140 digestions were performed in triplicate. In addition, a control digestion, which included only the 141 gastro-intestinal juices and enzymes and water in place of meat, was carried out to consider the 142 possible impact of the digestive enzymes and fluids in the subsequent analysis. 143 144 2.6. In vitro co-digestion of grilled turkey breast meat with extra-virgin olive oil, extra-virgin 145 olive oil phenolic-rich fraction or extra-virgin olive oil fat fraction 146
In the co-digestion experiments EVOO was added to the grilled and homogenized turkey breast 147 meat in proportion of 2.5%, 5% and 10% respect to meat (w/w). After that, the in vitro digestions 148 were carried out as reported above. Specific control digestions, in which meat was replaced with 149 water, were carried out to check the possible impact of EVOO in the subsequent analysis. 150
Further experiments were carried out to gain more information about the effect of EVOO 151 polyphenols or fatty acids on the oxidative phenomena during in vitro co-digestion with meat. 152
These co-digestions were carried out as reported above but replacing EVOO with the corresponding 153 amount of EVOO phenolic-rich fraction or EVOO fat fraction. 154 155
Determination of lipid hydroperoxides 156
Lipid hydroperoxides were extracted by 10-fold dilution in methanol HPLC grade under slow 157 stirring for 60 min (Tagliazucchi et al., 2010) . After centrifugation at 3000g for 15 min at 4°C, the 158 hydroperoxides in the supernatants were determined with the FOX assay (Nourooz-Zadeh, 1999) at 159 560 nm adapted to a microplate reader. The FOX reagent contained 250 μmol/L of ammonium 160 ferrous sulfate, 100 μmol/L xylenol orange, 25 mmol/L H2SO4, and 4 mmol/L BHT in 90% (v/v) 161 methanol HPLC grade. For the assay, 60 μL of extracted sample were added to 140 μL of FOX 162 reagent and incubated for 30 minutes at room temperature. The hydroperoxides content was 163 expressed in nanomol H2O2 equivalents per g of meat. 164 165
Determination of advanced lipoxidation end-products 166
Advanced lipoxidation end-products were quantified as thiobarbituric acid-reactive substances 167 (TBA-RS) on digested samples as reported by Buege & Aust (1978) . Briefly, 80 μL of digested 168 sample was added to 200 μL of water, 120 μL of trichloroacetic acid 50% and 200 μL of 169 tiobarbituric acid solution (0.75% in 0.5 N HCl). The mixture was incubated for 30 min in boiling 170 water, cooled, and then centrifuged at 10000g for 5 min at 20°C. The TBA-RS in the supernatant 171 was determined at 532 nm, and the results were expressed as nanomol malondialdehyde (MDA individual phenolic compounds as well as for its antioxidant properties. The total amount of 183 phenolic compounds extracted from EVOO was 127.8 ± 2.5 mg of gallic acid equivalent/100 g of 184 EVOO. The phenolic profile of EVOO was investigated using a non-targeted procedure through 185 LC-ESI-MS/MS experiments. The mass spectrum data along with peak assignments and retention 186 time for the identified phenolic compounds are described in Table 1 . This approach allowed the 187 tentative identification of 33 compounds ( Table 1 after 30 min of pancreatic digestion (P<0.001) ( Figure 1A) . Subsequently, the amount of lipid 216 hydroperoxides decreased gradually reaching the value of 361.9 ± 52.4 nmol H2O2/g of meat after 217 120 min of the intestinal incubation. As reported in Figure 1B , the amount of TBA-RS tended to 218 increase significantly (P<0.001) during the first 60 minutes of gastric digestion of turkey breast 219 meat, after that it did not change significantly during the remaining time of digestion. In the control 220 digestion without meat, no reactivity with the TBA-RS assay was detected (data not shown). 221
When turkey breast meat was co-digested with 2.5% of EVOO we found a decrease in the amount 222 of generated lipid hydroperoxides both during gastric and pancreatic digestion ( Figure 1A) . At the 223 end of the gastric digestion, the amount of lipid hydroperoxides generated in presence of 2.5% of 224 EVOO was 162.7 ± 12.1 nmol H2O2/g of meat (inhibition of 59.9%) whereas at the end of the 225 pancreatic digestion the amount of lipid hydroperoxides dropped to a value near to zero (23.5 ± 7.0 226 nmol H2O2/g of meat, which resulted in a inhibition of 93.5%). The TBA-RS production during co-227 digestion with 2.5% of EVOO was inhibited by 33.5% at the end of the gastric digestion and 34.4% 228 at the end of the pancreatic digestion ( Figure 1B) . Surprisingly, when the amount of EVOO was 229 increased in the digestive system we found an unexpected increase in the amount of lipid 230 hydroperoxides ( Figure 1A ) at all times of digestion. The increase in lipid hydroperoxides was 231 dependent on the concentration of EVOO (Figure 2) . Whereas, the amount of generated TBA-RS 232 was higher in the sample co-digested with EVOO at 5% or 10% respect to turkey breast meat 233 (P<0.05) after 30 minutes of gastric digestion, but we did not find significant differences between 234 the digested turkey breast meat and the turkey breast meat co-digested with 5% or 10% of EVOO 235 during the remaining time of digestion ( Figure 1B and Figure 2) . 236 237
Effect of extra-virgin olive oil phenolic compounds on lipid oxidation during co-digestion 238
with turkey breast meat 239
When turkey breast meat was co-digested with the EVOO phenolic-rich extract at the same 240 concentration as found in 2.5% EVOO, a strong inhibition in both lipid hydroperoxides and TBA-241 RS formation was revealed (Figure 3) . At the end of the digestion, the formation of lipid 242 hydroperoxide was totally inhibited whereas the inhibition recorded by the determination of TBA-243 RS accumulation was 30.8%. Results were quite similar to the inhibition observed after co-244 digestion of turkey breast meat with 2.5% EVOO. However, co-digestion of turkey breast meat with 245 EVOO phenolic-rich fraction at the same concentrations found in 5% and 10% EVOO determined 246 an increase in the concentration of lipid hydroperoxides, which was dependent on phenol 247 concentration (Figure 3) . The increase in lipid hydroperoxides concentration due to 5% and 10% 248 EVOO phenolic-rich fraction was lower respect to the increase observed in presence of 5% and 249 10% EVOO. On the contrary, TBA-RS production was inhibited by the addition of phenolic-rich 250 fraction to turkey breast meat at the same concentrations found in 5% and 10% EVOO (Figure 3) . 251 252
Effect of extra-virgin olive oil fat fraction on lipid oxidation during co-digestion with turkey 253
breast meat 254
To demonstrate a possible involvement of EVOO triglycerides in the enhancement of the lipid 255 peroxidation observed at high EVOO concentrations, 10% EVOO was in vitro digested without 256 meat. As reported in Figure 4A , in vitro digestion of 10% EVOO resulted in a lipid hydroperoxides 257 amount at the end of the digestion of 94.15 ± 1.3 nmol H2O2/g of meat which was not significantly 258 different with the value measured at the beginning of the digestion (102.70 ± 11.5 nmol H2O2/g of 259 meat). No TBA-RS formation was recorded during the digestion of EVOO alone ( Figure 4B) . 260
However, when EVOO fat fraction was co-digested with meat, an increased formation of lipid 261 hydroperoxides and TBA-RS respect to the digestion of meat alone was observed ( Figure 4A and  262 
B). 263

Discussion 264
Lipid peroxidation of poly-unsaturated fatty acids is an oxidative phenomenon, which ultimately 265 may result in the formation of toxic compounds. A large number of studies have suggested a link 266 between products of lipid peroxidation, such as lipid hydroperoxides and lipid oxidation end-267 products and various health conditions including atherosclerosis, neurodegenerative diseases, and 268 cancer. Meat, which contains high concentrations of iron catalysers and poly-unsaturated fatty acids 269 such as linoleic, linolenic, arachidonic, and docosahexaenoic acids, is particularly sensitive to lipid 270 oxidation (Tirosh, Shpaizer, & Kanner, 2015) . Lipid hydroperoxides and lipid oxidation end-271 products may be already present in meat but, more interestingly, they may be generated during its 272 gastro-intestinal digestion (Kanner & Lapidot, 2001 ). In addition, lipid peroxidation proceeds 273 rapidly when the raw meat structure is disrupted such as after cooking and mastication (Papuc et al., 274 2017 can decompose to an alkoxy radical (LO•), which can undergo cleavage giving rise to a huge range 285 of volatile and non-volatile compounds, collectively known as advanced lipoxidation end-products 286 (Papuc et al., 2017) (Figure 5) . 287
Perhydoxy and hydroxyl radicals can be easily formed in the gastric milieu in the presence of 288 dissolved oxygen and ferrous iron (Oueslati et al., 2016) . Ferrous iron is endogenously present in 289 meat and can be released from meat itself after cooking and mastication (Kanner & Lapidot, 2001 290 Lombardi-Boccia, Martinez-Dominguez, & Aguzzi, 2002) . Oxygen can be already present in a low 291 amount in the gastric fluid and can be released from meat following mastication (Kanner & Lapidot, 292 2001) . Ferrous iron can generate O2• -from dissolved oxygen (Figure 5) . At low pH such as found 293 in the gastric medium O2• -forms HOO•, which can initiate lipid peroxidation. Indeed, in acidic 294 medium, an important fraction of O2• -can disproportionate into hydrogen peroxide (H2O2) and 295 oxygen (Oueslati et al., 2016) . The formation of HO• is possible by H2O2 decomposition, catalysed 296 by ferrous iron (Fenton reactions), or by H2O2 reaction with O2• -(Haber-Weiss reaction) (Papuc et 297 al., 2017) . Harel & Kanner (1985) estimated the production of H2O2 in ground turkey muscle at 298 0.045 mM/h at 37°C and at pH 5.6. Oueslati et al. (2016) demonstrated that under gastric conditions 299 and in presence of oxidants (a mixture of ferrous iron and H2O2), O2• -∕ HOO• were detected in 300 higher quantity than HO•. Increasing the pH from 3.5 to 6.5 hardly affected the kinetics of free 301 radical production. Tagliazucchi et al. (2010) found that the complete chelation of ferrous iron by 302 EDTA decreased the lipid peroxidation during gastric digestion of turkey breast meat by about 70% 303 suggesting that Fenton chemistry is the most important factor in initiating turkey breast meat lipid 304 peroxidation during gastric digestion. The lower contribution of perferrylmioglobin-mediated 305 peroxidation in turkey breast meat can be due to the low heme-iron content of turkey breast meat 306 (Lombardi-Boccia et al., 2002) . In other meat-types, the relative contribution of free iron and heme-307 iron in initiating lipid peroxidation can be different depending on their concentration. 308
In our gastro-intestinal system, the level of lipid hydroperoxides increased during gastric digestion 309 of turkey breast meat by 3.7-fold. According to the kinetics of formation of O2• -∕ HOO• and HO• 310 under gastric conditions (Oueslati et al. 2016) , the greatest increase was found in the first 30 311 minutes of digestion (3-fold increase respect to time zero). The increase in lipid hydroperoxides 312 during gastric digestion was followed by an increase of 3. The increased production of lipid hydroperoxides in the intestinal fluid and their rapid 330 decomposition did not result in an increased production of TBA-RS. 331
Meals supplemented with EVOO may equivocally affect lipid peroxidation during gastro-intestinal 332 digestion, as found in this study. At low realistic concentration of 2.5% of EVOO, respect to meat 333 (w/w), a significant inhibition of lipid oxidation was observed, whereas lipid peroxidation was 334 greatly enhanced when the EVOO amount was increased in the gastro-intestinal system. In vitro 335 digestion of turkey breast meat in presence of EVOO-phenolic rich fraction at the same 336 concentration as found in 2.5% EVOO resulted in a decrease in turkey breast meat lipid 337 peroxidation similar to that observed during co-digestion of turkey breast meat and 2.5% EVOO 338 (Figures 2 and 3) . This effect was due to the antioxidant properties of EVOO phenolic compounds. 339 EVOO used in this study contained 127.8 mg/100g of total phenolic compounds. Wide ranges 340
(from 10 to 140 mg/100g) have been previously reported for the concentration of total phenolic 341 compounds in EVOO (Del Carlo et al., 2004; Samaniego Sánchez et al., 2007) . Furthermore, we 342 demonstrated that EVOO phenolic compounds were efficient scavengers of free radicals. Our 343 findings suggest that EVOO phenolic compounds may act at different levels ( Figure 5) Our results differ from Kuffa, Piesbe, Krueger, Reed, & Richards (2009) who found that the 369 addition of low concentrations of grape seed extract during simulated gastric digestion of high-fat 370 turkey meat had a pro-oxidant effect, while higher concentrations exerted an antioxidant effect. 371
Similarly, Van Hecke et al. (2016) found that, during digestion of high-fat beef, phenolic acids 372 displayed either pro-oxidant or antioxidant behaviour at lower and higher doses, respectively; 373 whereas ascorbic acid was pro-oxidant at all doses. However, previous studies found that increasing 374 concentrations of caffeic and chlorogenic acids as well as rutin and quercetin stimulated the 375 formation of HO• and O2• -∕ HOO• in a reaction mixture containing H2O2 and Fe 3+ (Oueslati et al., 376 2016) . Indeed, Tirosh et al. (2015) established that vitamin E behaved as an antioxidant or pro-377 oxidant depending on the concentration of un-saturated fatty acids. Probably, the balance between 378 the pro-oxidative and antioxidative activity of phenolic compounds on lipid oxidation during gastro-379 intestinal digestion is dependent on the type and concentration of fatty acids, the type of iron 380 catalyzers, and type and amounts of phenolic compounds. 381
Since the pro-oxidant effect of polyphenols only partially explained the enhanced formation of lipid 382 hydroperoxides during the digestion of turkey breast meat in presence of EVOO, we decided to 383 study the involvement of EVOO fatty acids. In vitro digestion of 10% EVOO without meat did not 384 result in the production of lipid hydroperoxides. On the contrary, as shown in Figure 4 , when the 385 fat fraction of EVOO was digested with turkey breast meat, at the same concentration as found in 386 10% EVOO, a significant increase in the amount of lipid hydroperoxides and TBA-RS was 387 observed respect to the turkey meat sample. These observations indicated that, the presence of meat 388 catalyzers promoted the peroxidation of EVOO lipids that, otherwise, did not occur during in vitro 389 digestion of EVOO alone. 390
Based on our results, we believe that the pro-oxidant effect of EVOO at high concentration was a 391 consequence of the interaction between the different variables in the system. EVOO phenolic 392 compounds behaved as pro-oxidants increasing the generation of lipid hydroperoxides from meat 393 (Figure 3) . At the same time, the presence in the digestive system of catalyzers from meat induced 394 the peroxidation of EVOO fatty acids, which was further intensified by the pro-oxidant activity of 395 EVOO phenolic compounds (Figure 4) . 396
In a previous study, Tirosh et al. (2015) found that the addition of olive oil to turkey red meat 397 decreased the entity of meat lipid peroxidation in a concentration-dependent manner. At the same 398 concentration that enhanced lipid peroxidation in our system (i.e. 5% and 10% EVOO), olive oil 399 exhibited inhibitory effect on lipid peroxidation in Tirosh et al. (2015) . The different results could 400 arise from differences in the type of meat (red vs white) used in the studies which reflected different 401 mechanisms of initiation of lipid peroxidation. In turkey breast (white) meat, Fenton and Haber-402
Weiss chemistry represented the major initiators of lipid peroxidation during gastro-intestinal 403 digestion, whereas in turkey red meat met-myoglobin had a predominant role in lipid peroxidation 404 initiation (Kanner & Lapidot, 2001; Tagliazucchi et al., 2010) . Indeed, also the phenolic 405 composition of EVOO may have influenced the results. Our EVOO was rich in hydroxytyrosol 406 derivative (such as oleuropein aglycone, which represented more than 60% of EVOO phenolics, 407 Table 1 ) which are prone to exert pro-oxidant effects. Vice versa, tyrosol and its derivative (such as 408 ligstroside aglycone) are not pro-oxidant (Fabiani et al., 2009) . It is possible that EVOO rich in 409 tyrosol-derivative and poor in hydroxytyrosol-derivative do not exert pro-oxidant effect during meat 410 lipid oxidation. Thus, the specific composition of different EVOO preparations and meat but also 411 the different heating treatments of the meat might contribute to explaining some contrasting 412 literature findings. 413
Conclusions 414
This study provided evidence of a possible paradoxical effect of EVOO on lipid peroxidation during 415 digestion of turkey breast meat. At the lowest tested concentration of 2.5%, EVOO addition to 416 turkey breast meat resulted in an inhibition of the generation of lipid hydroperoxides and TBA-RS 417 during gastro-intestinal digestion. This effect was ascribed to the phenolic content of EVOO. 418
However, at higher concentration EVOO enhanced the formation of lipid hydroperoxides (but not 419 of TBA-RS) during co-digestion with turkey breast meat. This effect was attributed to the ability of 420 meat catalyzers to promote the peroxidation of the EVOO fat fraction and to the pro-oxidant 421 behaviour of EVOO phenolic compounds. The balance between the enhancing effect of EVOO fat 422 and the inhibitory effect of EVOO phenolic compounds on TBA-RS production may help to explain 423 the results obtained with the TBA-RS assay when turkey breast meat was co-digested with EVOO. 424
The EVOO tested in this study was particularly rich in hydroxytyrosol-derivative that are able to 425 increase the oxidative stress during in vitro gastro-intestinal digestion as a consequence of the 426 presence of a catechol group. Since the phenolic composition of EVOO is greatly variable 427 depending on the cultivar and agro-climatic factors (such as growing, harvesting time, seasonal 428 variability), it is plausible that different EVOO with different phenolic composition (i.e. high in 429 tyrosol-derivative and low in hydroxytyrosol-derivative) may have a different impact on oxidative 430 phenomena on lipids. Therefore, it is of paramount importance to study the phenolic composition of 431 antioxidant-rich foods used in this type of study to better understand their impact on lipid 432 peroxidation during the digestion of meat. Based on our findings, we therefore recommend that 433 future studies investigate the phenolic profile of the tested antioxidant-rich foods, since some pro-434 oxidant effects were observed which depend on the amount and type of phenolic compounds. 435 Indeed, our study underlined the importance of the timing and amount of consumption of EVOO in 436 limiting the peroxidative phenomena on meat lipids, which have been partially associated with the 437 potential adverse effects of meat consumption on human health. 438 shows that EVOO phenolic-rich fraction at low concentration (2.5% w/w respect to meat) strongly inhibited the formation of lipid hydroperoxide at the end of the digestion, whereas at high concentration (5% and 10% w/w respect to meat) exerted a pro-oxidant effect leading to an increase in lipid hydroperoxide concentration. Differently, the right y-axis shows that EVOO phenolic-rich fraction generally inhibited the production of TBA-RS at each concentration. EVOO: extra-virgin olive oil. 
